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Abstract
This research work focuses on studying the mechanical and fracture behavior of one
of magnesium ZK60A (UNS M16600) extrusion. The material has many industrial
applications and its characteristic should be measured for proper component or
system design. Several tests were conducted following the standard procedures to
determine the mechanical characteristics of the material. In addition, the fracture
toughness of the material has been measured using the fracture toughness-thickness
curve. A stress intensity factor K was used as a fracture parameter to determine the
plane strain fracture toughness KIC of ZK60A magnesium alloy using a single edge
notch bend (SENB) specimen in accordance to ASTM E399 testing method. A sharp
fatigue pre-crack was initiated, then the specimen has been loaded till maximum load
and beyond. The fracture toughness KC values obtained for different thicknesses
showed that KC value decreased with increasing specimen thickness. The highest KC
value obtained was 24.7 MPa√m for 4 mm thickness specimen. The value of KC
became relatively constant at about 20.6 MPa√m when the specimen thickness
exceeds to 12 mm. This value was then considered as the plane strain fracture
toughness KIC of ZK60A magnesium alloy. Finally, the stable crack growth (SCG)
behavior through the alloy was investigated to determine the initiation P i loads, the
instability Pmax loads and the range of SCG. The maximum value of Pmax/Pi was
recorded (3.86) for a0/W=0.5 and crack angle of 45º. Also, a range of stable crack
growth at the surface from 0.5 to 2 mm was observed for mode I and from 2 to 5 mm
for mixed mode. Different fracture samples were employed to study mode I and
mixed mode (I and II) fracture performance through SENB specimen. Several
characterization techniques were utilized, such as SEM, to investigate the fracture
surface topography of different regions during the stable crack growth.

Keywords: Mechanical properties, tensile tests, charpy impact tests, stress intensity
factor, fracture toughness, stable crack growth, and scanning electron microscopy.
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)Title and Abstract (in Arabic

التوصيف الميكانيكي وسلوك الكسر لسبائك المغنسيوم (Mg) ZK60A
الملخص

الهدف من هذا البحث هو دراسة السلوك الميكانيكي والكسر ألحد سبائك المغنيسيوم
 .)UNS M16600( ZK60Aللمادة العديد من التطبيقات الصناعية وينبغي قياس خصائصها
من أجل التصميم المناسب للمكونات أو النظم .أجريت العديد من االختبارات باتباع المعايير
القياسية لتحديد الخواص الميكانيكية .باإلضافة إلى ذلك ،تم قياس صالبة الكسر للمادة باستخدام
منحنى سمك صالبة الكسر .تم استخدام عامل شدة اإلجهاد  Kكمعامل كسر لتحديد صالبة
الكسر  KICمن سبيكة المغنيسيوم  ZK60Aباستخدام عينات ( )SENBوفقًا لطريقة اختبار
 .ASTM E399تم الشروع في مرحلة الكسر باإلجهاد قبل تحميل العينة في حالة شد حتى يتم
الوصول إلى إجهاد الكسر .أظهرت قيم  KCصالبة الكسر التي تم الحصول عليها لمختلف
السماكة أن قيمة  KCانخفضت مع زيادة سماكة العينة .أعلى قيمة  KCتم الحصول عليها كانت
 MPa√m 24.7لعينة سمك  4ملم .أصبحت قيمة  KCثابتة نسبيًا عند حوالي MPa√m 20.6

عندما يتجاوز سمك العينة  12مم .ثم تم اعتبار هذه القيمة بمثابة صالبة الكسر  KICلسبائك
المغنيسيوم .ZK60A
أخيرا ،تم فحص سلوك نمو الشقوق المستقر ( )SCGمن خالل السبيكة لتحديد أحمال
البدء  ،Piوأحمال عدم االستقرار  ،Pmaxونطاق نمو الشقوق المستقر  .SGCتم تسجيل الحد
األقصى لقيمة  )3.86( Pmax / Piلـ  a0/W = 0.5وزاوية الكسر البالغة  .45ºأيضا ،لوحظت
مجموعة من نمو الشقوق المستقر على السطح من  0.5إلى  2مم للوضع  Iومن  2إلى  5مم
للوضع المختلط ( Iو  .)IIتم استخدام عينات كسر مختلفة لدراسة وضع الكسر األول واألداء
المختلط ( Iو  )IIمن خالل عينات  .SENBتم استخدام العديد من تقنيات التوصيف ،مثل
 ،SEMالستكشاف تضاريس سطح الكسر في مناطق مختلفة أثناء نمو الشقوق المستقر.
مفاهيم البحث الرئيسية :التوصيف الميكانيكي ،الشد ،تأثير شاربي ،عامل شدة اإلجهاد،
صالبة الكسر ،نمو الشقوق المستقر ،مسح المجهر اإللكتروني.
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Chapter 1: Introduction
1.1 Motivation
High-performance aerospace systems are creating a demand for new
materials, not only for airframe and engine applications, but for missile and space
systems as well (Wadsworth, & Froes, 1989). As one of the lightest alloys,
magnesium alloys have recently found new interest as structural engineering
materials. In recent years, increasingly demanding design requirements for advanced
aerospace structures (Rooney, 1985) have driven the development in lightweight and
elevated temperature metallic-base materials, with improved mechanical properties.
To build a sustainable society in the future it will be necessary to reduce the
weight of the structural materials used in transportation equipment, especially private
cars, both to conserve energy and to minimize global warming (Hisao, 2005). The
recent demand for automotive industry to be earth-friendly is increasing as the
reduction of CO2 emission is pressing. Development of new system and technology
are being carried out to solve these issues. Vehicle weight reduction is among the
most feasible solutions.
Today, magnesium (Mg) alloys are recognized as an alternative to iron and
aluminum to reduce the weight of structural materials. Magnesium is known for its
low density (ρ ~ 1.738 g/cm3) (Ram, Srikanth, & Vijaya, 2017), excellent damping
capacity, good electromagnetic shielding, high recycling ability and machinability
(Edgar, 2000). Combined properties of low density (2/3 that of aluminum and 1/4
that of iron), high strength-to-weight ratio, and high specific stiffness make alloys
based on magnesium extremely attractive candidates for many industrial applications
such as aerospace and automobile applications (Eswara, & Wanhill, 2017).
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The use of pure magnesium is rare due to its volatility at high temperatures
and its highly corrosive nature in wet environments. Magnesium-based alloys have
low strength, limited ductility, and poor corrosion resistance. Research effort is being
made to overcome these deficiencies. For example, corrosion problem can be dealt
with

using

a

promising

advanced

corrosion

protection

schemes

(PVD,

spray/deposition techniques, organic coatings), ductility and strength are being
improved using different alloying element (Ram, Srikanth, & Vijaya, 2017). Alloy
ZK60A is used where high strength and good toughness are required (ASM, 1990).
A simple understanding of monotonic tension test and stress-strain behavior is,
therefore, an essential prerequisite to the development of a fundamental conception
of the mechanical action of materials. Thus, in this research work, uniaxial tensile
test is of great importance to be carried out for ZK60A alloy.
Many researchers are working on the practical application of magnesium
requiring shock and impact resistance and for parts that will be highly stressed like in
aircraft applications such as landing gear, brake housings, instrumentation bodies,
ribs and spars. Knowledge of the mechanical behavior of magnesium alloys under
impact loading (Yokoyama, 2003) is essential to extend their applications further.
Therefore, in this research work, impact test is planned to be conducted for ZK60A
alloy.
Presence of tiny cracks in the material cannot be avoided as cracks or flaws
like cracks can be generated while manufacturing or in service or even can be existed
in the raw material.
One of the most important modes of failure in metals in crack propagation
arising at regions of high stress due to the existence of notches such as holes, fillets
or any other discontinuities. Cracks tend to grow under loading and when reach a
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critical size they propagate in unstable manner causing failure of the part in which
they are located. The issue of stable growth of cracks arising from a stress raiser is
very lacking. These issues have provided a motivation for the present work. Mourad
and his coworkers studied the stable crack growth (SCG) on different materials such
as D16AT aluminium alloy (Maiti, & Mourad, 1995) and 4340 alloy steel (Mourad,
Alghafri, Abu Zeid, & Maiti, 2005) and under different modes of loading. However,
work on Mg alloys is very scanty in the literature. Therefore, it is significant to
characterize the fracture behavior of ZK60A alloy. The mechanical action of
materials describes the response of materials to mechanical loads or deformation.
Determination of fracture toughness (KIc) of Mg ZK60A alloy under predominantly
linear elastic, plane-strain conditions using fatigue pre-cracked specimens is one of
the focal points in this research.
1.2 Aims and Objectives
Using magnesium alloys in structural components requires a profound
understanding of their mechanical behavior. Fracture & Stable Crack Growth (SCG)
behaviors are essential design tool for the design of structural components. This
study provides essential engineering and scientific experimental and analytical
analyses to characterize Magnesium ZK60A alloy (UNS M16600). Various potential
industries in UAE that will benefit from this study.
The industrial applications of lightweight structural alloys are growing
rapidly in the UAE and worldwide due to the demand for weight reduction that has
direct impact on the energy consumption and the environment. In addition,
characterizing the stable crack growth behavior of magnesium ZK60A alloy (UNS
M16600) is very essential for evaluating the range of stable crack growth (SCG) and
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obtaining the initiation and instability loads. The fracture toughness of magnesium
ZK60A alloy is determined experimentally. Therefore, the results of this work can be
utilized for reliable and safe design in all industries in which light materials are of the
first priority such as aerospace and transportation industries.
The major objective of this research is to conduct mechanical characterization
and study the stable crack growth behavior of magnesium ZK60A alloy (UNS
M16600). The specific objectives of the research proposal are as follows:
1. To characterize the monotonic behavior under tensile loading.
2. To characterize the impact behavior using Charpy impact test.
3. To measure the fracture toughness.
4. To characterize the stable crack growth behavior SCG.
1.3 Outline of the Dissertation
This research consists of experimental analysis. All necessary experimental
work is conducted to achieve the objectives of the study. The proposed research
work is completed through the following five steps:
Step 1: Literature Review
Comprehensive literature review is conducted to understand the recent
development and research on magnesium alloys and their applications in structural
components.
Step 2: Experimental Design
All specimens are designed based on ASTM standards as applicable. Testing
procedure such as loading rate, frequency and number of duplicates are also
determined based on ASTM standards as applicable.
Step 3: Sample Preparation
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All specimens are machined according to ASTM standards as applicable.
Specimens are inspected by naked eye and using optical microscope to check their
surface quality.
Step 4: Testing
All tests are performed based on the obtained experimental procedure (Step
2). The tests are conducted using lab testing machines as applicable.
Step 5: Data Analysis
Obtained results are analyzed using standard procedure for each test. Such as:
1)

Monotonic tensile tests
a. Stress-strain curve
b. Properties like yield strength, tensile strength and elongation

2)

Impact test
a. Impact energy
b. Ductile-brittle transition temperature

3)

Fracture toughness
a. Fracture toughness (KIC and COD)
Keeping all this in mind, experiments are conducted on three-point bend

specimens to study crack initiation and the range of stable crack growth (SCG) under
mode I and mixed mode (I and II) loadings. The results and observations from these
experiments are reported in this research.
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Chapter 2: Literature Review
2.1 Background
Throughout the history of Metals Handbook, the amount of coverage
accorded nonferrous alloys, special-purpose materials, and pure metals has steadily,
if not dramatically, increased (ASM, 1990). That this trend is easily justified when
one considers the significant developments that have occurred in the past decades.
Today, such materials are the focus of intensive research efforts and are considered
commercially viable for a wide range of applications. In fact, the development of
these new materials, combined with refinements and improvements in existing alloy
systems, will ensure the competitive status of the metals industry for many years to
come.
Fracture toughness is usually used as a generic term for measures of material
resistance to extension of a crack. It is restricted to results of fracture mechanics tests
in this work, which are directly applicable to fracture control and to fracture test in
describing the material property for a crack to resist fracture. The experimental
measurement and standardization of fracture toughness play an imperative role in
fracture mechanics methods’ application to structur integrity assessment, damage
tolerance design, fitness-for-service evaluation, and residual strength analysis for
different engineering components and structures. The fracture toughness values may
also serve as a basis in material characterization, performance evaluation, and quality
assurance for typical engineering structures, including nuclear pressure vessels and
piping, petrochemical vessels and tanks, oil and gas pipelines, and automotive, ship
structures and airframes. Thus, fracture toughness testing and evaluation is a very
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important subject in development of fracture mechanics method and its engineering
applications.
2.1.1 Magnesium and Magnesium Alloys
Magnesium and magnesium alloys are used in a wide variety of structural and
nonstructural applications. Structural applications include automotive, industrial,
materials-handling, commercial, and aerospace equipment (ASM, 1990). Automotive
applications include clutch and brake pedal support brackets, steering column lock
housings, and manual transmission housings. In industrial machinery, such as textile
and printing machines, magnesium alloys are used for parts that operate at high
speeds and thus must be lightweight to minimize inertial forces. Materials-handling
equipment includes dock-boards, grain shovels, and gravity conveyors. Commercial
applications include hand-held tools, luggage, computer housings, and ladders.
Magnesium alloys are valuable for aerospace applications because they are lightweight and exhibit good strength and stiffness at both room and elevated
temperatures.
Magnesium ZK60A is a wrought magnesium base alloy containing zinc and
zirconium. The alloy has increased strength obtained by artificial aging from the asfabricated form. Magnesium ZK60A-T5 alloy has the best combination of strength
and ductility at room temperature of all the wrought magnesium alloys. Although
there is no international system to classify Mg alloys, ASTM has developed a coding
system (Avedesian, & Baker, 1999). In this system the two major alloying elements
are identified with two code letters, followed by a two-digit number indicating the
maximum weight percentages of these two alloying elements. The temper
designation consists of a letter and one or a few digits added as suffixes to the alloy
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coding. The letter indicates one of the following conditions: as-fabricated (F),
annealed (O), strain hardened (H), tempered (T) and solution heat treated (W). The
digit(s) signify the type of heat treatment. The most commonly found digits in the
aerospace grades are 4, 5, and 6, applying to the T4, T5 and T6 tempers, which
represent solution treated (T4), direct cooling and artificially aged (T5), and solution
treated and artificially aged (T6).
As an example of how the system works, consider magnesium alloy ZK60AT5, the nominal composition and typical properties of which are given in Table 2.1.
The first part of the designation, ZK, signifies that zinc and zirconium are the two
principal alloying elements (“Z” represents Zinc, the alloying element specified in
the greatest amount; and “K” represents Zirconium, the alloying element specified in
the second greatest amount). The second part of the designation, 60, gives the
rounded-off / rounded mean percentages (ASTM B951, 2011) of zinc and zirconium.
The third part, A, indicates that this is the first alloy whose composition qualified
assignment of the designation ZK60. The final serial letters B, C, etc.; signify alloys
subsequently developed whose specified compositions differ slightly from the first
and from one another but do not differ sufficiently to effect a change in the basic
designation (ASTM B951, 2011). The fourth part, T5, denotes that the alloy is
artificially aged only.

Table 2.1: Typical mechanical properties of ZK60A at room temperature (from ASM, 1990)

Form and
Condition

Tensile
Strength

Tensile
Yield
Strength

Elongation Hardness
%

MPa ksi MPa ksi

Shear
Strength

Compressive Ultimate
Yield
Bearing
Strength
Strength

Bearing
Yield
Strength

HB HRE MPa ksi MPa

ksi

MPa ksi MPa ksi

Extruded bars, rod, and shapes
ZK60A-F

340

49

260

38

11

75

84

185

27

230

33

550

80

380

55

ZK60A-T5 350

51

285

41

11

82

88

180

26

250

36

585

85

405

59

Extruded hollow shapes and tubing
315

46

235

34

12

75

84

…

…

170

25

…

…

…

…

ZK60A-T5 345

50

275

40

11

82

88

…

…

200

29

…

…

…

…

44

215

31

16

65

77

165

24

160

23

420

61

285

41

ZK60A-F

Forgings
ZK60A-T5 305

9
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2.1.2 Fracture Mechanics Concepts
2.1.2.1 Why Fracture Mechanics?
There have been spectacular failures of structures, made of ductile material.
They fail in a brittle fashion (Prasant, 2009). In any subject development, you must
look at what prompted the people to arrive at this kind of a methodology. The
industrial revolution in the 19th century resulted in an enormous increase in the use of
metals for structural applications. Unfortunately, several catastrophic accidents of
boilers and railway equipment took place resulting in loss of life and property. Some
of these accidents were due to poor design which was later improved by better choice
of materials and improved production methods. Such simple remedial solution like
improving the design or changing material was not sufficient. Nevertheless, some of
the spectacular failures which occurred in the early part of the twentieth century
opened up the lacuna in understanding material behavior under actual service loads.
Introspection of these failures and committed work by several engineers and
scientists across the world led to the development of Fracture Mechanics.
During studying Mechanics of Solids, we have idealized that the material is
homogeneous and elastic continuum. The fundamental aspect of Fracture Mechanics
is to recognize the role of inherent flaws in structures that affect their performance
and life. The technological application of Fracture Mechanics is the development of
Damage Tolerant Design approach. Damage Tolerance requires an understanding of
how an inherent flaw grows in service and when it becomes critical. This requires an
understanding of crack growth mechanisms and material behavior.
The conventional design approaches are done with premise that the material
is an elastic continuum without any material defects or flaws. The modern structural
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environment is much more complex in terms of operating temperatures, aggressive
environments, types of loading etc. optimization requirements have resulted in
reduction in the weight of structures leading to enhanced operating stress levels.
Ignoring the presence of material defects or inherent flaws while designing has led to
spectacular failures (Broek, 1989). Successful design of engineering structures for
long term life requires the understanding of the different modes of failures and
degradation mechanisms (e.x. crack growth due to service loads, corrosion, hydrogen
embrittlement, etc.), so that enough margins against these mechanisms can be builtin during the design phase itself.
2.1.2.2 Historic Failures
Occasionally, a steel structure would fail unexpectedly at stresses well below
the anticipated tensile strength. Some of the most famous of these failures that
considered as the key failures that triggered the engineering community to sit back
and evaluate the existing design procedures are listed below:
Boston Molasses Tank Failure (1919): On January 15, 1919, something
frightening happened on Commercial Street in Boston. A huge tank, 27 meters in
diameter and about 15 meters high, fractured catastrophically, and over 2 million
gallons of molasses cascaded into the streets. Without an instant’s warning the top
was blown into the air and the sides were burst apart. A city building nearby, where
the employees were at lunch, collapsed burying several victims and a firehouse was
crushed in by a section of the tank, killing and injuring a number of firemen.
On collapsing, a side of the tank was carried against one of the columns
supporting the elevated structure [of the Boston Elevated Railway Co.]. This column
was completely sheared off, forced back under the structure and the track was pushed
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out of alignment and the superstructure dropped several feet. Twelve persons lost
their lives either by drowning in molasses, smothering, or by wreckage. Forty more
were injured. Many horses belonging to the paving department were drowned, and
others had to be shot. This left a characteristic smell in parts of Boston which
remained for several decades after the disaster.
The molasses tank failure dramatically highlights the necessity of
understanding events that contribute to premature fracture of any engineering
component. Failure investigations revealed that possible cause was the sudden
temperature change as the temperature on the previous day was -17°C and on the day
of occurrence it was 4.5°C (i.e. thermal shock). The design was found to be
inadequate to withstand the pressure created by expanding molasses and the factor of
safety was considered to be low. Designers typically applied safety factors of 10 or
more (based on the tensile strength) in an effort to avoid these seemingly random
failures.
Liberty Ship Failure (1942 – 1946): Fracture mechanics stepped from being a
scientific curiosity to an engineering discipline, primarily because of what happened
to the Liberty ships during World War II. Exigencies of World War II put a pressure
on speedy production of ships leading to all-welded design of ships, as opposed to
the riveted construction of traditional ship designs, resulting in no control on
fracture. These calamities focused attention on the fact that normally ductile mild
steel can become brittle under certain conditions.
Subsequent studies concluded that these failures, which broke the vessels in
two, were primarily attributable to the presence of stress concentrations in the ship
superstructure and the ability of cracks to traverse welds that joined adjacent steel
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plates; the existence of faulty weldments and inferior steel quality were also cited as
contributing factors in the fracture process.
Comet Disaster (1954): The very first commercial Jet liner put into service –
several novel designs were put to litmus test.
Aloha Airline Boeing Fuselage Failure (1988): Opened the accelerated ageing
of structures due to corrosion.
2.1.2.3 Historical Review of Fracture Mechanics
Study of elliptical holes in a tension strip by Inglis, 1913, has brought into
focus the severity of a crack in a structure. Griffith in 1921 considered the
propagation of cracks in glass and developed right ideas for crack growth. He
formulated that an existing crack will grow provided the total energy of the system is
lowered by its growth. His work was not noticed at that time due to the exigencies of
the World War and the following depression worldwide. Griffith was not able to coin
a convenient parameter for predicting the failure load of a component through the
growth of a crack.
The fracture behavior of a given structure or material will depend on stress
level, presence of a flaw, material properties, and the mechanism(s) by which the
fracture proceeds to completion. The main purpose of the following sections is to
develop quantitative relations between some of these factors. With knowledge of
these relations, fracture phenomena may be better understood and design engineers
more equipped to anticipate and thus prevent structural deficiencies.
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2.1.3 The Stress-Concentration Factor

Figure 2.1: Elliptical hole in infinitely large panel produces stress concentration of
1+2a/b (from Ted, 2017)
By analyzing a plate containing an elliptical hole, Inglis was able to show that
the applied stress σa was magnified at the ends of the major axis of the ellipse (Figure
2.1) so that

Eq. 2-1
Where
σmax = maximum stress at the end of the major axis
σa = applied stress applied normal to the major axis
a = half major axis
b = half minor axis
Since the radius of curvature ρ at the end of the ellipse is given by

Eq. 2-2
Eq. 2-1 and 2-2 may be combined so that
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Eq. 2-3
In most cases a >> ρ, therefore

Eq. 2-4
The term σmax/σa is defined as the stress-concentration factor kt and describes
the effect of crack geometry on the local crack-tip stress level. Many textbooks and
standard handbooks describe stress concentrations in components with a wide range
of crack configurations (Gdoutos, 2005). Although the exact formulations vary from
one case to another, they all reflect the fact that kt increases with increasing crack
length and decreasing crack radius. Therefore, all cracks, if present, should be kept as
small as possible. One way to accomplish this is by periodic inspection and
replacement of components that possess cracks of dangerous length. Alternatively,
once a crack has developed, the relative severity of the stress concentration can be
reduced by drilling a hole through the crack tip. In this way, ρ is increased from a
curvature associated with a natural, sharp crack tip to that of the hole radius.
2.1.4 Brittle Fracture and the Development of LEFM
Unstable fracture manifested itself first as a serious engineering problem of
nominally ductile low-carbon steels from the mid-1930s to the mid-1950s. Large
welded structures such as ships, bridges and storage tanks failed in a catastrophic and
apparently brittle manner. From this grew an extensive research program into what
was then called brittle fracture (Ted, 2017).
Although factors such as stress concentration at notches, weld defects and
low temperature contributed to the initiation of a crack, the principal controlling
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factors on fast propagation of the crack are the ability of the material to absorb
energy. In the latter context riveted or bolted plate structures were better than the
continuous all-welded structure if the welds were not of high quality. The past 40
years have seen the development of ultra-high-strength alloys for rocket motors and
space vehicles. Some of these low-ductility materials were found to be susceptible to
unstable fracture from small defects owing to low toughness.
This resulted in the development of the theory of Linear Elastic Fracture
Mechanics (LEFM) which was accompanied by the establishment of special tests to
measure the fracture resistance of materials. Linear Elastic Fracture Mechanics
(LEFM) was developed from the early work of Griffith who thought to explain why
the observed strength of a material is considerably less than the theoretical strength
based on the forces between atoms. He concluded that real materials must contain
small defects and cracks which reduce their strength. These cracks cause stress
concentrations but they cannot be allowed for by calculation of a linear elastic stress
concentration factor kt. This is because an elliptical defect has its stress concentration
factor defined by the equation
Kt = 1 + 2 (a/b)

Eq. 2-5

As b→0 the defect becomes a crack, but Kt→∞ which would suggest that a
material with a crack would not be able to withstand any applied forces. This is
contrary to what is observed.
So, Griffith developed a concept to explain how a stable crack could exist in a
material. He postulated that a crack only becomes unstable if an increment of crack
growth results in more stored energy being released than can be absorbed by the
creation of the new crack surface.
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Based on this premise and with subsequent refinements, principally by Irwin,
LEFM has been developed as an analytical approach to fracture. It relates the stress
distribution in the vicinity of a crack tip to other parameters such as the nominal
stress applied to the structure and the size, shape and orientation of the crack. Thus it
permits representation of the material fracture properties, often in terms of a single
parameter. There have been two main approaches:
▪

Strain Energy Release Rate (Griffith)

▪

Stress Intensity Factor (Study at the crack tip by Irwin)

2.1.5 Stress Intensity Factor
Extension of Griffith’s ideas for brittle solids to ductile high strength
materials was done by Irwin in 1948. The focus of Irwin’s theory is on the crack tip
rather than the crack. By moving the analysis to the crack tip, Irwin devised
workable parameters like Stress Intensity Factor and Energy Release Rate. LEFM
accounts only for small scale yielding (SSY) near the crack tip. LEFM is quite useful
for analyzing problems in aerospace structure.
Typical materials for which LEFM is applicable (at room temperature) are:
High strength steel, precipitation hardened aluminum, polymers below glass
transition temperature, ceramics, and ceramics composites.
2.1.6 Elastic Plastic Fracture Mechanics (EPFM)
Role of plastic deformation near the crack tip is better accounted in EPFM.
For situations where material behavior is non-linear such as in nuclear applications,
EFPM is essential.
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Typical materials for which EPFM / Non-Linear Fracture Mechanics is
applicable are: Low and medium strength steel, metals at high temperatures or high
strain rates, polymers above glass transition temperature, and ceramics at high
temperatures.
2.1.7 Stress Analysis of Cracks and Modes of Loading
A more sophisticated and flexible approach to the fracture of flawed
components is available through a stress analysis based on concepts of elastic theory.
As an introduction to this body of work, it is useful to first consider three
prototypical modes of loading that can drive crack growth in different ways. Irwin
observed that there are three independent ways in which the two crack faces can
move with respect to each other. The corresponding modes are Mode-I, Mode-II and
Mode-III as shown in Figure 2.2. All three modes describe all possible modes of
crack behavior in most general elastic state. A cracked body can be loaded in any one
of these modes, or as a combination of two or three modes.

Figure 2.2: Basic modes of loading involving different crack surface displacements
In Mode I (Opening or Tensile Mode), displacement of crack surfaces is
perpendicular to the plane of the crack. One of the most common and dangerous
modes loading for crack growth. In Mode II (In-plane Shear Mode or Sliding Mode),
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displacement of crack surfaces is in the plane of the crack and perpendicular to the
leading edge of the crack. In many instances, the presence of Mode II is to alter the
direction of the crack growth. In Mode III (Out of Plane Shear Mode or Tearing
Mode), displacement of crack surfaces is in the plane of the crack and parallel to the
leading crack edge. Paper is usually separated by a tearing action.
2.1.8 Fracture Mechanisms in Metals
The current evaluation systems for fracture modes (such as cleavage, quasicleavage and micro-void coalescence etc.) are based on the study of ferrous alloys,
which may be unsuitable for non-ferrous metals, especially the HCP magnesium. The
fracture surface morphologies of magnesium alloy are rather complex and easily
influenced by the changing of alloying elements and experimental conditions.
However, little has been known about the fracture behavior of magnesium alloys
until now. As shown in Figure 2.3, the fracture surface of the AZ31 magnesium alloy
is a typical brittle cleavage fracture (indicated by the arrows); where also appears
some cleavage steps (indicated by the circles) (Shan, 2015).
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Figure 2.3: Schematic diagram of two adjacent asymmetric grains
(from Shan, 2015)
The fracture behavior of AZ91 alloy in tensile and impact tests was
investigated by (Lu et al., 2000). The tensile fracture surface of AZ91 alloy shown in
Figure 2.4 assumes the features of cleavage fracture. The surface is characterized by
cleavage facets, steps and secondary cracks. Cleavage rivers can be told apart in
some facets. A secondary crack perpendicular to the main crack is in the middle. The
basic features of cleavage fracture are cleavage steps, cleavage rivers, cleavage tones
and secondary cracks. Cleavage rivers are the result of the combination of cleavage
steps. However, the steps are formed either through secondary cleavage or through
the intersection of the cleavage crack and the dislocations or even through tearing.
The results of optical microscopy and SEM revealed that AZ91 magnesium
alloy usually failed by brittle fracture with little deformation. Cleavage is the
principal fracture mode and sometimes the alloy is deformed by mechanical twinning
(Lu et al., 2000).
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Figure 2.4: SEM fractography for the surface of the specimen failed in
tensile test (from Lu et al., 2000)
Figure 2.5 depicts SEM fractography of a sample tested at room temperature
by Ehsan, 2015. As seen on the fracture surface, large fraction of cleavage planes and
dimples are evident, suggesting a mixed fracture mode of ductile–brittle type.

Figure 2.5: The fracture surfaces of ZK60 alloy after tensile test at room
temperature (from Ehsan et al., 2015)
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2.1.9 Ductile to Brittle Transition Temperature (DBTT)
One of the phenomena that is observed to exist in metals is the Ductile to
Brittle Transition Temperature (DBTT) or what is specified as the critical
temperature (DBTT); below which the metal losses its ductility instantaneously and
turns out brittle. The mechanism controlling this transition remains ambiguous
despite of large efforts put into experimental and theoretical examination (Sahadev,
Gorakshanath, & Sujit 2014). There are several possible reasons for such failures:
fatigue, corrosion, fabrication and design errors, poor quality steel, etc. The most
dramatic and unexpected cause of brittle failure in ferrous alloys is their tendency to
lose almost all their toughness when the temperature goes below their ductile to
brittle transition temperature. This has been the cause for numerous dramatic and
catastrophic failures as presented earlier in this chapter.
Ductile to Brittle transition testing is done on varies materials to view the
behavior of metals when temperature is varied. The ductile to brittle transition is
characterized by a sudden and dramatic drop in the energy absorbed by a metal
subjected to impact loading. That have been found more prominently in materials
with BCC and HCP crystal structures, while FCC structures exhibit no DBTT;
remain ductile at all temperatures (e.g., Al and Cu based alloys). The transition from
ductile to brittle can be very rapid and often it could be very disastrous since there is
almost no warning (Cássio, Jefferson, & Emerson, 2009).
There are two different types of impacting testing, the Charpy and Izod
impact tests. The Charpy impact test is a standardized high strain test which
determines the amount of energy absorbed by different materials which in turn
indicates the material’s toughness and this property is used to investigate the ductile
to brittle transition temperature. The sample piece is loaded horizontally into the

23
apparatus and the pendulum hammer strikes the notched sample. The notch is put in
the sample to initiate the crack propagation. After the impact the sample is removed
and examined. If the material breaks on a flat surface then it is classified as brittle, if
it is a jagged surface then it is classified as ductile.
2.2 Review on Fracture Toughness Testing and Standardization
The stress intensity factor K (or its equivalent – the elastic energy release rate
G), the J-integral, the crack tip opening displacement (CTOD), and the crack tip
opening angle (CTOA) are the most important parameters used in fracture mechanics
(Xian-Kui, & James). This research concentrates on one of the most important
parameters related to fracture mechanics, which is the stress intensity factor K. The
K factor was proposed in 1957 by Irwin to describe the intensity of elastic crack-tip
fields and designate the linear elastic fracture mechanics (Irwin, 1957). The first
fracture toughness test standard ASTM E399 was developed to determine the point
value of plane strain fracture toughness, KIc.
The objective of the research is to characterize the plane strain fracture
toughness, KIc, of ZK60A based on its mechanical properties, with reference to the
previous experience of other available magnesium alloys studies, and on the
suggestion of the ASTM Standard.
Magnesium alloys have great potential to be used as structural materials
because of being the lightest of all structural alloys in use. In order to use magnesium
alloys in structural applications, it is important to ensure that their mechanical
properties satisfy both reliability and safety requirements. The main mechanical
properties of ZK60 are well known, but some fracture resistance parameters are still
uncertain in the literature. One of the methods of ensuring that is to investigate the
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fracture toughness (Hidetoshi, & Toshiji, 2006), where Plane-strain fracture
toughness test was carried out according to ASTM-E399 on a commercial Mg-Zn-Zr
alloy, ZK60, with fine strengthening particles.
The fracture toughness specimen was a three-point bending sample with a
width and a thickness of 10 and 5 mm, respectively. The plane-strain fracture
toughness, KIC, was estimated to be 20.6 MPam1/2 in stretched zone analysis. The
mechanical properties (Figure 2.6), as the yield strength (σys), ultimate tensile
strength (σUTS) and elongation-to-failure (Ɛ), were 225 MPa, 266 MPa and 17.0%,
respectively.

Figure 2.6: Typical nominal stress and nominal strain tensile curve at room
temperature (from Hidetoshi, & Toshiji, 2006)
The effect of texture on fracture toughness was investigated for a wrought
AZ31 magnesium alloy (Hidetoshi, & Toshiji, 2006), which was a commercial rolled
plate having strong basal texture. The plane-strain fracture toughness tests were
carried out to obtain fracture toughness at present alloy according to ASTM-E399.
The fracture toughness specimens were three-point bending specimen; the width and
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the thickness were 11 and 5.5 mm, respectively. The fracture toughness specimens
were also machined directly from three kinds of direction described in Figure 2.7.

Figure 2.7: The schematic illustrations of sample cutting position and
dimensions of specimens for the fracture toughness test and tensile test
(from Hidetoshi, & Toshiji, 2006)
The range of values of plane-strain fracture toughness, KIC = 17.6–20.7
MPa√m, was obtained from the stretched zone (SZ) analysis. The value of KIC varied
with the distribution of basal texture; the sample having a pre-crack normal to rolled
direction was the highest value of KIC in all present samples. The crack-tip having
parallel to the rolled direction was easily able to propagate and/or proceed with
applied load. The results of plane-strain fracture toughness tests are listed in Table
2.2.
Table 2.2: The results of plane-strain fracture toughness tests
(from Hidetoshi, & Toshiji, 2006)
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Ahadlin, Zaiedah, Zulkefli, & Sivakumar, 2015, used a stress intensity factor
K as a fracture factor to indicate the plane strain fracture toughness KIC of AZ61
magnesium alloy using a single edge notch bend (SENB) specimen as shown in
Figure 2.8 in accordance to ASTM E399 testing method. Five three point bent
specimens having different thickness, i.e., 2, 4, 6, 8 and 10 mm with notch designed
according to ASTM E399 standard were considered in order to evaluate the effect on
fracture toughness. The experimental results showed that the critical plain strain
fracture toughness KΙC is 12.6 MPa√m and the highest plain stress fracture toughness
KC is 16.5 MPa√m.
Pmax

Load

Pi

Displacement

Figure 2.8: Geometry of the SENB
specimen used in fracture test
as per ASTM

Figure 2.9: Types I of loaddisplacement records
(ASTM E399, 2008)

Further to Ahadlin, Zaiedah, Zulkefli, & Sivakumar, 2015 study, Figure 2.10
showed the load-displacement curves for 2, 4, 6, 8 and 10mm thickness specimens.
All load-displacement curves exhibited type I load-displacement record as shown in
Figure 2.9. The calculated values in Table 2.3 were plotted in a KC versus thickness
relation curve as shown in Figure 2.11.
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Figure 2.10: Load-displacement
curves for 2, 4, 6, 8 and 10 mm
thickness of AZ61(Ahadlin, 2015)

Figure 2.11: Effect of thickness
on fracture toughness for AZ61
magnesium alloy (Ahadlin, 2015)

Table 2.3: Fracture toughness value for different thickness of AZ61 magnesium alloy
(from Ahadlin, Zaiedah, Zulkefli, & Sivakumar, 2015)

Figure 2.12: Overview of fracture surface for samples of 2 mm, 4 mm, 6 mm, 8 mm
and 10 mm (from Ahadlin, Zaiedah, Zulkefli, & Sivakumar, 2015)
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There are few reports about plane-strain fracture toughness on wrought
magnesium alloys. Also, there are a limited data, for example plane strain fracture
toughness, that evaluates such as reliability and safety in magnesium alloys. Thus,
the plane-strain fracture toughness, KIC, on AZ31 wrought magnesium alloy sheets
was investigated (Taisuke, Hidetoshi, Akira, Nishikawa, & Kenji, 2003). As a result,
appropriate plane-strain fracture toughness was not obtained by plane-strain fracture
toughness test. It was because specimens used in this study were too thin to satisfy
small scale yielding condition. But, as a result of stretched zone analysis, adequate
plane-strain fracture toughness, KIC, was obtained and the values were 16.5–18.4
MPa√m (Taisuke et al., 2003).
There are some other data on the fracture toughness KΙC value for magnesium
alloy that was reported by (Hidetoshi et al., 2005), and (Barbagallo et al., 2004),
respectively. They reported that the fracture toughness KΙC value for as-extruded
AZ31 was 15.9 MPa√m and for AZ91C in the T6 condition was 11 MPa√m.
However, to the best author’s knowledge, there is no detail work done to determine
the plane strain fracture toughness of ZK60A magnesium alloy. It is very important
for engineers to know the fracture parameter before use the material in real
applications. Therefore, the objective of this study is to determine the plane strain
fracture toughness for extruded ZK60A magnesium alloy using several specimens’
thickness.
Table 2.4 summarizes all the presented fracture toughness KΙC values in this
review:
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Table 2.4: Summary of all the presented fracture toughness KΙC values in this
review

Magnesium
Alloy

Tensile
Tensile
Fracture
Plain Strain
Tensile
Ultimate Yield
Toughness Fracture
Elongation
Strength Strength
KC
Toughness KΙC
%
MPa

MPa

MPa√m

MPa√m

extruded
ZK60

266

225

17

--

20.6

wrought
AZ31

--

106

--

22.9

17.6 ~ 20.7

extruded
AZ61

--

--

--

16.5

12.6

wrought
AZ31

--

--

--

--

16.5 ~ 18.4

as-extruded
AZ31

--

--

--

--

15.9

AZ91C-T6

--

--

--

--

11
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2.3 Review on Stable Crack Growth (SCG) & Fracture Behavior
Most often components of a machine or structure are subjected to loading
conditions, which are a varying combination of tension, shear and torsion. A crack in
such a component is therefore likely to be subjected to mixed mode loading. If the
component is made up of a ductile material, stable crack growth (SCG) can be
observed before instability sets in. The instability may occur at a load level, which is
much higher than the initiation load. The inherent potential of such a material can be
exploited if the extent of SCG can be characterized. The characterization of mixed
mode loading is therefore important. Many investigators have addressed the problem
at the micro- (Aoki et al., 1990; Maccagno, & Knott, 1992; Tvergaard), and macrolevels (Aoki et al., 1990; Newman et al., 2003; Sutton et al., 2000; Maiti, & Mourad,
1995a, 1995b; Mourad, & Maiti, 1996; Otsuka et al., 1977). Majority of the
investigators focus on the combination of modes I and II. Some of the candidate
criteria, that are considered, are the crack opening displacement COD, crack opening
angle COA and crack tip opening angle CTOA (Newman et al., 2003; Maiti, &
Mourad, 1995a, 1995b; Mourad, & Maiti, 1996), and stretch zone width (Otsuka et
al., 1974).
In the micromechanics approach the ductile fracture mechanism is studied
through void/damage nucleation and growth model. In most cases sharp crack has
been considered to begin with. (Schiøtz et al., 1997; Fischer, & Beltz, 2001) have
reported the effects of crack tip radius on the brittle and ductile crack growth and
extension. Hampton and Nelson have characterized the SCG through thin sheets in
terms of CTOA and the results have been applied to predict the crack tearing and
instability in pressurized cylinder of the same thickness. (Heerens, & Schodel, 2003)
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have also shown through an experimental investigation, that the CTOA criterion
governs the stable crack extension in 3mm thick A1 5083 sheet material.
Some of the typical observations resulting from these studies are as follows.
Both mode I and mixed mode can be characterized in terms of a single parameter
over the whole range of SCG. The SCG behavior varies depending on the material
and the specimen thickness, e.g., the span of SCG varies depending on the material
for a given thickness. There is a considerable tunneling effect during both crack
initiation and SCG. The tunneling effect can be as large as 8 mm (Ahmad et al.,
1983) in mode I and mixed mode. There is no tunneling effect in pure mode II
(Mourad, & Maiti, 1996). The crack sometimes grows through the center of the
specimen stably up to 6mm (Shan et al., 1994). The nature of the fracture surface
varies depending on the combination of the modes. There is also a considerable
similarity in the facets for pure mode I and mixed modes (I and II). The facets for
pure mode II are different (Mourad, & Maiti, 1996). Rice and Thomson were among
the first to investigate the problem of the competition between ductile and brittle
behavior of a material. They have used the elasticity solutions to solve for the
thresholds to emit a fully formed dislocation on a slip plane intersecting the crack tip.
The reduction of sharpness at the crack tip by providing a radius or blunting of crack
tip increases the force required to propagate it (Schiøtz et al., 1996, 1997). Some
conditions have been stipulated to predict whether a sharp crack tip will blunt leading
to a ductile fracture or continue to cleave in a brittle fashion (Fischer, & Beltz, 1997).
Many models for investigating ductile versus brittle response have been based on an
analysis of a sharp crack. This may lead to a disparity between the results of
continuum and atomistic studies. (Fischer, & Beltz, 2001) have considered the
effects of crack tip blunting on the competition between dislocation nucleation and
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atomic decohesion. They have developed a model that predicts four distinct types of
material fracture behavior. They have reported that certain crack tip geometries can
lead to a competition between dislocation nucleation and cleavage.
It was observed by (Mahanty, & Maiti, 1990, 1992), through a series of
experiments on compact tension specimens of different crack lengths for both mode I
and mixed mode (I and II) cases, that the COD can be applied for the study of stable
crack growth. Maiti and Mahanty, through finite element analyses, observed that
tearing moduli do not vary significantly during stable crack growth in both mode I
and mixed mode (I and II) studies. These indicate that the COA criterion can be
employed to characterize the whole stable crack growth in both mode I and in-plane
mixed mode under quasi-static loading provided there is a small range of crack
growth leading to the instability. In the analysis, the whole stable growth has been
considered to have occurred along a straight path in the direction of initial extension.
These results are based on the compact tension (CT) and three-point bend (TPB)
geometries. The main focus has been to see if the whole stable crack growth can be
characterized in terms of a single parameter, COA, which has been found so far to be
very good. There is a need to examine the criterion further.
It is known that one of the most important modes of failure in metals is due to
crack propagation through regions of high stresses close to a notch, hole, fillet, or
any other discontinuities. The study of stable crack growth from a stress raiser is
scanty. One motivation for the present study was to examine crack propagation from
notch tip. Keeping all this in mind, experiments were conducted on three-point bend
specimens of ZK60A Magnesium alloy to study crack initiation and stable crack
growth under mode I and mixed mode (I and II) loadings. The crack is not a sharp
crack, but a notch of a very small tip radius. The results and observations from these
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experiments are reported. Data concerned with load–crack mouth opening
displacement (L–CMOD) diagrams, initiation and maximum loads, range of stable
crack growth, crack tip blunting, crack front geometry, fracture surfaces and their
scanning electron micrographs are obtained.
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Chapter 3: Experimental Details
This chapter discusses test methods and procedures for the various
mechanical tests performed in order to determine the properties required for the
present investigation. Standard methods of testing were followed as described herein
to obtain reproducible and comparable results.
The material used in the present study is an extruded ZK60A magnesium
alloy supplied by King Fahd University of Petroleum and Minerals. Positive Material
Identification (PMI) method is used to determine the identity of alloy materials by
determining which elements are present and in what quantity. The results of this
analysis are reported in Table 3.1. The obtained composition is in line with the
published data and applicable ASTM material specification.
ZK60A magnesium alloy contains about 5.1 ~ 6 % of Zinc and 0.4 ~ 0.6 % of
Zirconium as its major alloying elements (Eswara, & Wanhill, 2017).
Table 3.1: Chemical composition (in wt%) obtained for ZK60A extrude
Alloy

ZK60A

Magnesium

Zinc

Zirconium

(Mg)

(Zn)

(Zr)

94.03

5.15

0.57

Others

< 0.30
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3.1 Mechanical Test
3.1.1 Tension Test
The tension test related to the mechanical testing of ZK60A alloy subjects a
machined or full-section specimen of the material under examination to a measured
load enough to cause rupture. The resulting properties sought including tensile
strength, yield point, yield strength, elongation, and reduction of area, based on
mechanical properties of ZK60A, and on the suggestion of the ASTM Standard.
3.1.1.1 Tension Test Specimen
Tension test specimens were sawed from portions of the material blocks.
Care has been exercised in the preparation of specimens, particularly in the
machining for proper workmanship. They were machined to have a reduced cross
section at mid-length in order to obtain uniform distribution of the stress over the
cross section and to localize the zone of fracture (i.e. within the gauge length).
Figure 3.1 shows the form of specimen utilized in this study. Small size round
tension test specimen proportional to the standard specimen was used. The gauge
length for measurement of elongation was four times the diameter of the specimen.
The shape of the ends of the specimens outside of the gauge length was selected
suitable to the material and of a shape to fit the holders or grips of the testing
machine so that the loads are applied axially. Specimens were tested in the
longitudinal direction and at room temperature.
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Standard Specimen
Nominal Diameter
G – Gauge Length
D – Diameter
R – Radius
A – Length of
reduced section

12.5 mm
50.0±0.10 mm
12.5±0.25 mm
10 mm
60 mm
(min.)

Small-Size Specimens
Proportional to Standard
4.00 mm
16.0±0.10 mm
4.00±0.08 mm
4 mm
20 mm
(min.)

Figure 3.1: Tensile test specimen dimensions (ASTM B557M – 15)
3.1.1.2 Tension Test Procedures
Before testing, ensured that the tension testing machine shall be maintained in
good operating condition, used only in the proper loading range, and calibrated
periodically. The gripping or holding device of the testing machine _responsible for
transmitting the load from the heads of the machine to the specimen under test_ was
selected carefully whereas the load shall be transmitted axially. This implies that the
centers of the action of the grips were in alignment, insofar as practicable, with the
axis of the specimen at the beginning and during the test and that bending, or
twisting were held to a minimum. Gripping of the specimen was restricted to the grip
section.
To determine the cross-sectional area, the diameter was measured at the
center of the gage length to the nearest 0.025 mm. The specimen gauge was marked
with a double-pointed center punch to determine the percent elongation after
fracture.
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3.1.2 Charpy Impact Test
Test methods of impact testing relate specifically to the behavior of metal
when subjected to a single application of a force resulting in multi-axial stresses
associated with a notch, coupled with high rates of loading and in some cases with
high or low temperatures. For some materials and temperatures, the results of impact
tests on notched specimens when correlated with service experience have been found
to predict the likelihood of brittle fracture accurately.
Body centered cubic metals lose most of the fracture resistance and ductility
when temperature reaches below the ductile to brittle transition temperature. This
temperature is often the lowest temperature at which a structural engineering material
can be considered useful. The transition temperature is also very sensitive to alloy
composition and processing. This makes it a useful criterion for quality control. The
purpose of this experiment is to measure the ductile to brittle transition temperatures
of ZK60A alloy. The energy of fracture is measured using the Charpy V-Notch
impact test and the percent ductile / brittle fracture are used to determine the ductile
to brittle transition temperature.
The Charpy test is a three-point bend impact test. It requires a specimen
containing a machined notch in the center of the face facing away from the impacting
device and a sturdy machine that can impart a sudden load to the specimen. The
Charpy tester consists of a heavy pendulum which can strike the specimen at the
bottom of its arch (maximum kinetic energy, maximum velocity). As the specimen
deforms and fractures a portion of the kinetic energy of the pendulum is transferred
to the specimen. The specimen is broken, and the two pieces of the fractured
specimen are knocked clear of the testing machine while the pendulum continues its
swing to a somewhat lower position than it was released from. The differences in
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these heights and the mass of the pendulum determines how much energy was
absorbed by the specimen. Most impact testers have a gauge that reports this energy
so that it doesn't have to be computed.
Originally, the Charpy impact test was a crude shop test that was developed
to evaluate the effect of notches on fracture behavior. In 1926 ASTM proposed a
method for impact testing. In 1933 ASTM standard E-23 was tentatively issued and
has subsequently been revised several times.
3.1.2.1 Impact Test Specimen
A standard full size Charpy V-notch specimen (Type A) as shown in Figure
3.2 for the Charpy impact testing of required dimensions and tolerances were
prepared as per ASTM A370 standard with 10x10 mm cross section, 55 mm length
having a V-notch at center. The V-notch is 2 mm in depth and with 45° notch angle.

Figure 3.2: Simple beam impact test specimen (Charpy type test)
3.1.2.2 Impact Test Procedures
The study deals with the determination of the ‘Ductile to Brittle Transition
Temperature of magnesium (Mg) ZK60A alloy. Followed by test specimen
preparation and measurement as detailed in Figure 3.3, the specimens to be broken
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were thermally conditioned by holding them in the liquid medium at test temperature
as shown in Figure 3.4 for at least 5 min. Removed the test specimen from its cooling
(or heating) medium with centering tongs that have been temperature conditioned
with the test specimen so as not to affect the temperature at the notch. To conduct the
test, prepared the machine by raising the pendulum to the latched position, set the
energy indicator at the maximum scale reading, carefully the test specimen was
placed against the anvils on the specimen supports, the pendulum was released, and
the specimen was impacted by the striker as shown in Figure 3.5 to break the
specimen within 5 sec after removing the specimen from the conditioning medium.
One set consists of three specimens was broken at each of a series of temperatures of
60ºC, 22ºC, 0ºC and -60ºC. Information was obtained from the machine (i.e. energy
absorbed recorded to the nearest Joule) and from the broken specimen. Thereafter,
plotted the individual test results (energy absorbed J) as the ordinate vs the
corresponding test temperature as the abscissa and constructed a best-fit curve
through the plotted data points.

Figure 3.3: Impact test specimen preparation and measurement
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Figure 3.4: Impact test specimens thermally conditioned in the cooling
medium

Figure 3.5: Impact test setup
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3.2 Fracture Toughness Test
This part covers procedures and guidelines that were followed for the
determination of fracture toughness (KIc) of magnesium ZK60A alloy using the
following parameters: K, and COD (δ). The fracture toughness obtained in
accordance with this section is for the opening mode (Mode I) of loading.
The plane-strain fracture toughness tests were carried out to obtain fracture
toughness at present alloy according to ASTM-E399. The fracture toughness
specimens were single-edge bend [SE(B)], contain notches that were sharpened with
fatigue cracks, as shown in Figure 3.6 and Figure 3.7. Three-point bending specimen
geometry was selected according to ASTM E399 standard and machined providing
that the required dimensions and tolerances on specimen size, shape, and overall
finish were met (see details of specified specimens’ dimensions in Table 3.2).
The geometries were selected so that the thickness, B, is nominally one-half
the specimen width, W (that is, W/B = 2). Likewise, the crack size, a (total size of
crack starter plus fatigue crack), was nominally equal to one-half the width, W (that
is a/W = 1/2).
The fracture toughness specimens were machined, as shown in Figure 3.8, in
longitudinal direction.
The measured values of Specimen thickness B and width W were recorded, as
tabulated in Table 4.4, and used to determine fatigue pre-cracking force Ff.

42

W

B

Figure 3.6: Bend SE(B) specimen – standard proportions and tolerances (E399)

Figure 3.7: Crack starter notch and fatigue crack configuration

Table 3.2: Rectangular cross-section three-point bend specimen
Length
(mm)
36
46
56
74
110
148
184

Width,
W=2B (mm)
8
10
12
16
24
32
40

Thickness,
B (mm)
4
5
6
8
12
16
20

a (mm)
3.6 ~ 4.4
4.5 ~ 5.5
5.4 ~ 6.6
7.2 ~ 8.8
10.8 ~ 13.2
14.4 ~ 17.6
18 ~ 22

No. of
Specimens
3
3
3
3
3
3
3
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Figure 3.8: Fracture toughness test specimens
The loading fixture was set-up so that the line of action of the applied force
passes midway between the centers of the rollers within ±1% of the distance between
these centers. Adjusted the Span (S) to 4W±0.02W and recorded the actual Span to
±5% as tabulated in Table 3.2. Located the bend specimen with the crack tip midway
between the rollers to within ±1% of the span, and square to the roller axes within
±2°. The loading fixture and its setup appears in Figure 3.9.
Before plane-strain fracture toughness tests, the fatigue cracking tests were
performed to insert a fatigue pre-crack in the specimen as shown in Figure 3.10 and
Figure 3.11.
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Figure 3.9: The loading fixture and its setup

Figure 3.10: Fatigue crack propagation setup and data insertion
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Figure 3.11: Application of cyclic loading and fatigue pre-cracking on
loaded specimen
Fatigue cycling was continued until a crack was produced that satisfied the
requirements of the combination of starter notch plus fatigue pre-crack length to be
between 0.45 and 0.55W, where W is the width of the specimen. The pre-cracking
was performed at test frequencies of 15 Hz (for B = 4 mm, 5 mm and 6 mm
specimens) and 10 Hz (for remaining specimens); and using sinusoidal loading form.
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Figure 3.12: Fracture toughness testing in-progress
Fatigue loading was applied in pre-cracking procedure at room temperature
by subjecting the sample to a cyclic force with a ratio R = 0.08 (R shall be in the
range of 0 to 0.1 as per ASTM E399).

47
After fatigue pre-cracking, the specimens were loaded to a specific rate of
increase of stress-intensity factor and recorded the output of the force-sensing
transducer versus the output of the displacement gauge. The test was continued until
the specimen can sustain no further increase in applied force as shown in Figure
3.12. The maximum force (Pmax) was noted and recorded with COD data.
The stress intensity factor value, KQ, for SENB specimens was calculated
according to the following equation:

Eq. 3-1
Where:

Eq. 3-2
where PQ is the force as determined in next paragraph, B is the specimen
thickness measured before testing as determined in Table 3.2, BN is the specimen
thickness between the roots of the side grooves, S is the span length, W is the
specimen width (depth) measured from the notched edge of the specimen to the
opposite edge, and a is the crack size (measured from the notched edge to the crack
front).
A secant line through the origin with slope of 95% of the initial elastic
loading slope was used to determine the conditional maximum load value. For
validation of maximum fracture load Pmax, the principle type of load displacement
record as shown Figure 3.13 was used for comparison as recommended by ASTM
E399.

48

Figure 3.13: Types I of load-displacement records (from ASTM E399)
The fracture surface after plane-strain fracture toughness tests were observed
by scanning electron microscopy (SEM).
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3.3 Stable Crack Growth
Three-point bending specimens were machined from ZK60A magnesium
alloy. Since no standard specimen configuration is available for SCG studies; the
three-point bend (TPB) specimens were employed here following some of the earlier
investigators (Mahanty; Maiti, & Mourad) for both mode I and mixed mode.
The nominal specimen dimensions are shown in Figure 3.14. The crack is
located exactly at the middle of the span. Its orientation angle β with the length
direction is varied to get different combinations of mode I and mode II. Tests were
conducted with β = 90º, 45º, 60º and 75º, where β = 90º corresponds to pure mode I.
In the case of β = 45º, the initial crack length (a0) to width (w) ratio considered was
0.5 for all specimens. In the case of β = 60º and 75º, the initial crack length (a0) to
width (w) ratio considered was 0.45 for all specimens. For β = 90º, three initial crack
length (a0) to width (w) ratios, i.e. 0.5, 0.45 and 0.4 were considered and tested
accordingly.
Nine specimens were made with overall dimensions of 180 mm x 40 mm x 8
mm (Figure 3.14). Out of these, three specimens were tested in mode I (Figure 3.15,
β = 90º) under quasi-static loading and the remaining six in mixed mode (Figure
3.16) with β = 75º, 60º and 45º.
To make the specimens, some of the ASTM E399 guidelines were followed,
i.e. specimens were first made with 3 mm wide chevron notch. In the case of β = 45º,
60º and 75º specimens, a narrow slit of width 3 mm and length 16~18 mm
approximately was introduced by machining. It was terminated into a 45º v-notch.
The tip of the v-notch was further extended by 2 mm to facilitate obtaining the a0/w
ratios. This extension was done through wire-cut machining. The tip radius is 0.3
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mm. The knife-edges were machined at the crack mouth of the specimens for
adapting a clip gauge.

(a) mode I test (β = 90º), (b) mixed made test (β = 45º, 60º, 75º)
L = S = 180 mm; w = 40 mm; T = 8 mm
Figure 3.14: Specimens geometry
In the case of β = 90º specimens, a narrow slit of width 3 mm and lengths 14,
16 and 18 mm approximately was introduced by machining. It was terminated into a
45º v-notch. The tip of the v-notch was further extended by 2 mm to facilitate
obtaining a0/w ratios of 0.4, 0.45 and 0.5. This extension was done through wire-cut
machining. The tip radius is 0.3 mm. The knife-edges were machined at the crack
mouth of the specimens for adapting a clip gauge.
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Figure 3.15: SCG specimens – Mode I (β = 90º)

Figure 3.16: SCG specimens – Mixed mode (β = 75º, 60º and 45º)
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Chapter 4: Experimental Results & Discussion
4.1 Mechanical Test
4.1.1 Tension Test
Experimental setup is shown in Figure 4.1. The tensile-strength tests
performed were found to be meeting the minimum tensile-strength, yield-strength,
elongation%, and Reduction of Area requirements of the applicable ASTM material
specification. The stress-strain diagrams obtained for the tested specimen is shown in
Figure 4.2 and obtained properties are detailed in Table 4.1.

Figure 4.1: Tension test experimental setup
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Table 4.1: Monotonic tensile properties of ZK60 magnesium extrusion

Specimen-1
Specimen-2
Average

Tensile
Strength
MPa
326
315
320

Yield
Strength
MPa
259
237
248

Elongation
%
19
17
18

350

300

Tensile Stress (MPa)

250

200

150

100

50

0
0

2

4

6

8

10

12

Tensile Strain (%)
Tensile specimen-1

Tensile specimen-2

(a) Engineering stress-strain diagram
Figure 4.2: Engineering and true stress-strain diagrams
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4000

3500

Tensile Stress (MPa)

3000

2500

2000

1500

1000

500

0
0

0.5

1

1.5

2

2.5

Tensile Strain(%)
Tensile specimen-1

Tensile specimen-2

(b) True stress-strain diagram
Figure 4.2: Engineering and true stress-strain diagrams (cont.)
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4.1.2 Information Obtained from Impact Test
Current applications of the Charpy impact test include comparisons of heat to
heat variations of steel, evaluation of material behavior during either intentional or
accidental high rates of loading, evaluation of the effect of irradiation on the
embrittlement of steel, evaluation of the effects of microstructure and fabrication on
toughness and studies of the fundamental aspects of deformation in BCC materials.
Together the tensile test and Charpy impact test form a complete evaluation of the
mechanical properties of a material. However, it should be noted that the Charpy test
is not a simulation of an alloy in service. The results of the Charpy tests are useful
indications of how the material might behave in service.
4.1.2.1 The absorbed energy
Taken as the difference between the energy in the striking member at the
instant of impact with the specimen and the energy remaining after breaking the
specimen. This value was determined by the machine’s scale reading, as tabulated in
Table 4.2, which has been corrected for windage and friction losses.
Table 4.2: The absorbed energy
Notch Location /
Orientation

Base Metal
(Longitudinal)

Temp °C

A

Absorbed Energy, Joules
B
C

Average

- 60

4

4

4

4

0

4

5

5

5

+ 22

5

5

5

5

+ 60

6

6

6

6

56
4.1.2.2 Lateral expansion measurement
The expansion on each side of each specimen half was measured relative to
the plane defined by the un-deformed portion on the side of the specimen, as shown
in Figure 4.3 & Figure 4.4. For example, if A1 is greater than A2, and A3 is less than
A4, then the lateral expansion is the sum of A1 + A4. Tabulated measurements are
detailed in Table 4.3.

Figure 4.3: Halves of broken charpy V-notch impact specimen illustrating the
measurement of lateral expansion, dimensions A1, A2, A3, A4 and original thickness,
dimension W (from ASTM E23)

Figure 4.4: Actual measurements of lateral expansion
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Table 4.3: Lateral expansion measurement
Notch Location /
Orientation

Base Metal
(Longitudinal)

Temp °C

A

Lateral Expansion, mm
B
C

Average

- 60

0.20

0.20

0.19

0.20

0

0.27

0.23

0.21

0.24

+ 22

0.06

0.16

0.23

0.15

+ 60

0.21

0.25

0.19

0.22

4.1.2.3 The percentage of shear fracture
For purposes of compliance with the followed Test Method, the “shear area”
consists of those portions of the fracture surface that form by stable crack growth
(Fracture Initiation Region, Shear Lips, and Final Fracture Region), as shown in
Figure 4.5.

Figure 4.5: Schematic of the fracture surface of a charpy V-notch impact test
specimen showing the various region of fracture
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The percent shear area on the fracture surface of a Charpy impact specimen is
typically calculated as the difference between the total fractured area (Fracture
Initiation Region, Shear Lips, Unstable Fracture region, and Final Fracture Region)
and the area of unstable fracture region, divided by the total fractured area, times
100. The followed measurement method as described below provides estimates for
the area of the unstable fracture region (directly or indirectly), but does not consider
details of the fracture mode for the unstable region. The unstable fracture region
could be 100% cleavage, a mixture of cleavage and ductile-dimple fracture
morphologies, a mixture of intergranular and ductile-dimple fracture morphologies,
or a mixture of other fracture morphologies.
The percentage of shear fracture on the fracture surfaces of impact specimens
was determined by comparing the appearance of the fracture of the specimen with a
fracture appearance chart such as that shown in Figure 4.6, Figure 4.7 & Figure 4.8.

Figure 4.6: Fracture appearance charts and percent shear fracture comparator
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(a) -60°C

(b) 0°C
Figure 4.7: Fracture surfaces appearance of the impact specimens
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(c) +22°C

(d) +60°C
Figure 4.7: Fracture surfaces appearance of the impact specimens (cont.)
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(a) -60°C

(b) 0°C
Figure 4.8: Fracture surfaces appearance of the impact specimens
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(b) 0°C
Figure 4.8: Fracture surfaces appearance of the impact specimens (cont.)
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(c) +22°C

(a) +60°C
Figure 4.8: Fracture surfaces appearance of the impact specimens (cont.)
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4.1.3 Ductile to Brittle Transition
By plotting the individual test results (energy absorbed J) as the ordinate vs
the corresponding test temperature as the abscissa and construct a best-fit curve
through the plotted data points tabulated in Table 4.2, we get Figure 4.9

7

Absorbed Energy, Joules

6
5
4
3
2
1
0
-80

-60

-40

-20

0

20

40

60

80

Temp °C

Figure 4.9: Energy absorbed (J) vs the corresponding test temperature.
The fracture energy transition temperature range might not be narrow enough
to be able to identify a unique transition temperature. This is often the case for steels.
The width of this range varies for different alloys. Fracture in this range is a mixture
of ductile and brittle modes of failure. Often criteria other than the energy transition
are used to define the transition temperature. One method is to specify a fracture
energy below which the material is brittle. Sometimes the temperature at the halfway
point in the transition is regarded as the transition temperature. Another methodology
is to define the ductile to brittle transition in terms of a particular amount of ductile
and brittle fracture. For this method the proportion of ductile-brittle fracture is
estimated by examining the fracture surface. A 50% ductile-brittle fracture surface is
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the criteria often used to define the ductile to brittle transition temperature. Figure 4.6
illustrates several methods for measuring the transition temperature.
An examination of a fracture surface will reveal whether fracture occurred by
ductile or brittle criteria. To the unaided eye a brittle fracture surface has a grainy,
salt and pepper appearance. Examination with an SEM clearly reveals the cleavage
appearance, river lines and planar microcracks characteristic of brittle fracture.
Brittle fracture can occur inter-granularly or trans-granularly. Ductile fracture can be
recognized by its dull appearance. Ductile fracture is usually trans-granular, and its
fracture surfaces show a significant amount of plastic deformation between roughly
spherical micro-voids.
Although the Charpy impact test is a relatively simple, quick and inexpensive
method for testing the dynamic fracture behavior of materials, there are many
interpretations of the Charpy test. The principle one is its lack of a meaningful
correlation with another fracture mechanics property, KIc. Also, even when carefully
and properly performed, inaccurate data can be reported. However, the Charpy test is
still considered to be the best fracture mechanics test in terms of the information
gained per dollar spent.
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4.2 Fracture Toughness Test
Measurements essential to the calculation of KIc are specimen thickness, B,
crack size, a, and width, W. Specimen crack size a, was measured after fracture to
the nearest 0.5% at mid-thickness and the two quarter-thickness points (based on B
for plain-sided specimens). The average of these three measurements was taken as
the crack size, a.
Figure 4.10 through Figure 4.16 show the load-displacement curves for 4, 5,
6, 8, 12, 16, and 20 mm thickness specimens. All load-displacement curves exhibited
type I load-displacement record as shown in Figure 3.13. PQ is determined to be the
valid value of maximum fracture load for calculation of fracture toughness. The
stress intensity factor for mode-I at fracture was determined using Eq. 3-1 with
reference to the obtained PQ value. The calculated values in Table 4.4 were then
plotted in a KQ versus thickness relation curve as shown in Figure 4.17. The results
figured out that KQ decreased with increasing specimen thickness. This is because the
stress states adjacent to the flaw changes with the specimen thickness, B, until the
thickness exceeds some critical dimension. The highest KQ value obtained was 24.7
MPa√m for 4 mm thickness specimen. The value of KQ tends to become relatively
constant at about 20.6 MPa√m when the specimen thickness exceeds to 8 mm. This
value was then concluded as the plane strain fracture toughness KIC of ZK60A
magnesium alloy.
Figure 4.18 shows the load-displacement curves for 4, 5, 6, 8, 12, 16, and 20
mm thickness specimens for further illustration.
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Figure 4.10: Load (N)-displacement (mm) curve for 4 mm thickness of ZK60A
magnesium alloy
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Figure 4.11: Load (N)-displacement (mm) curve for 5 mm thickness of ZK60A
magnesium alloy
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Figure 4.12: Load (N)-displacement (mm) curve for 6 mm thickness of ZK60A
magnesium alloy
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Figure 4.13: Load (N)-displacement (mm) curve for 8 mm thickness of ZK60A
magnesium alloy
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Figure 4.14: Load (N)-displacement (mm) curve for 12 mm thickness of ZK60A
magnesium alloy
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Figure 4.15: Load (N)-displacement (mm) curve for 16 mm thickness of ZK60A
magnesium alloy
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Figure 4.16: Load (N)-displacement (mm) curve for 20 mm thickness of ZK60A
magnesium alloy
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Figure 4.17: Effect of thickness on fracture toughness for ZK60A magnesium alloy
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Figure 4.18: Load (N)-displacement (mm) curve for 4, 5, 6, 8, 12, 16, and 20 mm
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Table 4.4: Fracture toughness value for different thickness of ZK60A magnesium alloy
Specimen thickness,
B (mm)
Measured Specimen
thickness,
B (mm)
Measured Specimen
Width,
W (mm)
Average Original
Crack Length (a0), mm

4

5

6

8

4.04

4.05

4.01

5.05

5.05

5.05

6.04

6.02

6.01

8.02

8.00

8.04

8.04

8.01

8.02

10.05

10.06

10.05

12.02

12.04

12.02

16.03

16.04

16.08

4.34

4.33

4.35

5.47

5.46

5.48

6.49

6.48

6.48

8.89

8.89

8.86

Pmax (kN)

0.807

0.776

0.836

1.102

1.137

1.024

1.339

1.400

1.297

1.810

1.761

1.914

PQ (kN)

0.740

0.714

0.759

0.945

0.955

0.891

1.192

1.205

1.144

1.624

1.585

1.690

Pmax / PQ

1.090

1.087

1.101

1.166

1.191

1.150

1.123

1.162

1.134

1.114

1.111

1.132

KQ (MPa√m)

24.70

23.90

25.40

22.55

23.00

21.60

21.90

22.13

21.00

19.80

19.32

20.6

KQ (MPa√m)

24.7

22.38

21.7

20.6
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Table 4.4: Fracture toughness value for different thickness of ZK60A magnesium alloy (cont.)
Specimen thickness,
B (mm)
Measured Specimen
thickness,
B (mm)
Measured Specimen
Width,
W (mm)
Average Original Crack
Length (a0), mm

12

16

20

12.05

12.06

12.04

16.02

16.00

16.02

20.01

20.02

20.00

24.04

24.03

24.03

32.05

32.00

32.05

40.01

40.02

39.98

12.30

12.27

12.59

16.57

16.61

16.57

21.42

21.59

21.21

Pmax (kN)

4.737

4.758

4.565

7.690

7.773

7.652

10.365

10.287

10.444

PQ (kN)

3.567

3.629

3.254

5.224

5.323

5.189

7.080

6.893

7.326

Pmax / PQ

1.328

1.311

1.403

1.472

1.460

1.475

1.464

1.492

1.426

KQ (MPa√m)

21.10

21.40

20.00

20.50

21.10

20.30

20.20

20.90

21.60

KQ (MPa√m)

20.83

20.63

20.90
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Macroscopic observation of fracture surface of the specimens clearly showed
two discrete regions. These two distinct regions are shown in the optical micrograph
of Figure 4.19 through Figure 4.23. The boundaries of these regions are well
distinguished between the fatigue fracture region and rapid fracture region. The
direction of the crack propagation was clearly determined. The fatigue crack initiated
from the notch and propagated parallel on both sides. The fatigue fracture region
indicated the gradual crack propagation due to fatigue while the rapid fracture region
with shinning appearance shows the unstable crack propagation and characterized by
fast crack features.
The fracture surface of the fatigue fracture region looks rough and shiny with
limited shear lip zone less than 10%. This indicates that the plane strain conditions
are achieved. The rapid fracture region looks rough and shiny with large amount of
shear lip zone which indicated that the samples were fracture in plane stress
condition.
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Figure 4.19: Overview of fracture surface for sample 5 mm
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Figure 4.20: Overview of fracture surface for sample 8 mm
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Figure 4.21: Overview of fracture surface for sample 12 mm

82

Figure 4.22: Overview of fracture surface for sample 16 mm
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Figure 4.23: Overview of fracture surface for sample 20 mm
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4.2.1 Fractography
To complement the information about the fracture in macroscale,
fractography was studied to reveal the possible mechanism for failure and
deformation in microscale. The typical SEM micrograph of the fracture surfaces after
plane-strain fracture toughness tests on each selected sample, i.e. 5 mm, 8 mm, 12
mm, 16 mm and 20 mm thickness samples, are shown in Figure 4.24 through Figure
4.28. Fractography observation of fracture surface of the specimens clearly showed
two discrete regions. The images were taken from the fatigue pre-cracking zone and
the middle of sample thickness at fracture surface.
The micrographs of the fatigue pre-cracked region exhibit a fine-grained
appearance and striations. These striations are irregular in arrangement and position
with respect to the direction of crack extension.
At the middle of samples thickness at fracture surface, cleavage fracture
surface associated with river patterns, tearing ridges, cleavages facets and dimples
were observed; a characteristic of mode I and mixed-mode stable crack growth
(SCG), revealing the typical quasi-cleavage fracture mechanic. This shows that the
samples were failed in brittle manner with limited plastic deformation.
Fracture surfaces were compared. With the increasing thickness, the number
of dimples decreases, and the area of cleavage planes increases. The count of
observed dimples decreased considerably, and they also became smooth, flat and free
of any dimples; with various size distributions.
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striation

(a) In the fatigue pre-cracking zone

dimples

(b) In the middle of fracture surface
Figure 4.24: SEM observation on fracture surface of 5 mm samples
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(a) In the fatigue pre-cracking zone

(b) In the middle of fracture surface
Figure 4.25: SEM observation on fracture surface of 8 mm samples
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(a) In the fatigue pre-cracking zone

(b) In the middle of fracture surface
Figure 4.26: SEM observation on fracture surface of 12 mm samples
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(a) In the fatigue pre-cracking zone

(b) In the middle of fracture surface
Figure 4.27: SEM observation on fracture surface of 16 mm samples
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(a) In the fatigue pre-cracking zone

(b) In the middle of fracture surface
Figure 4.28: SEM observation on fracture surface of 20 mm samples
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4.3 Stable Crack Growth
4.3.1 Fracture Tests
These fracture tests were conducted under displacement control conditions.
Experimental set-up is shown in Figure 4.29. Specimens were loaded quasi-statically
at a moving head speed of 0.3 mm/min up to the maximum load and beyond, until
the full separation of the specimen. Load showed a tendency to gradually fall from
the maximum to the full separation. The mode I tests were performed for three
different a0/w ratios (0.4, 0.45 and 0.5). The mixed mode tests were performed for
different combinations of loading angle β (45º, 60º and 75º); and a0/w ratio of 0.45
(for β = 60º and 75º), and a0/w ratio of 0.5 (for β = 45º). At least two specimens were
tested for each case of loading angle β (45º, 60º and 75º) to check the repeatability of
the results. The crack opening displacement (COD) at the crack mouth was measured
by a clip gauge. The load versus crack opening displacement variation was recorded
at suitable intervals. These were used to obtain the load-displacement diagrams. The
test results are summarized in Table 4.5.
Typical sample photographs of fractured specimens are presented in Figures
4.30, 4.31, 4.32 and 4.33.
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Figure 4.29: Experimental set-up
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Figure 4.30: Mode I fractured specimens: (top) a0/w = 0.5, (center) a0/w = 0.45 and
(bottom) a0/w = 0.4
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Figure 4.31: Mixed mode fractured specimens (β = 75º) for a0/w = 0.45

Figure 4.32: Mixed mode fractured specimens (β = 60º) for a0/w = 0.45
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Figure 4.33: Mixed mode fractured specimens (β = 45º) for a0/w = 0.5

Table 4.5: Summary of experimental results
β (º)
90

75

60

45

a0/W
0.5

Pi (kN)
3.75

Pmax (kN)
6.40

Pmax / Pi
1.71

0.45

3.70

7.60

2.05

0.4

4.20

9.30

2.21

0.45

4.20

8.90

2.12

4.00

8.80

2.2

Average

4.10

8.85

2.16

0.45

4.50

9.95

2.21

4.00

9.50

2.37

Average

4.25

9.72

2.29

0.5

2.95

10.25

3.47

2.85

11.00

3.86

2.9

10.62

3.66

Average
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4.3.2 Load–Crack Opening Displacement (L–CMOD) Diagrams
The load P versus the crack mouth opening displacement variation was
obtained directly from the testing machine. L-CMOD curves for mode I tests were
measured for different a0/w ratios. Figure 4.34 shows typical curves for the mode I
(a0/w = 0.5, 0.45 and 0.4, respectively). Similar curves under mixed mode were also
obtained for the different β. Figure 4.35 through Figure 4.37 show typical curves for
β = 75º, β = 60º and β = 45º, respectively. The curves show a noticeable repeatability
for each case.
Initially the load is varying linearly with displacement till a certain point at
which the curve shows a departure from the linearity. As the crack extends further
the slope of the curve decreases till it is nearly flattened at the maximum load Pmax.
The crack grows under an approximately constant load around the maximum load
and then the load decreases till the full separation. Crack blunting effect was
observed around the point at which the curve deviates from its linearity, and then
crack extension was observed to initiate. Then the crack grows stably up to the
instability point / maximum load. The initiation load (Pi) and the maximum load
(Pmax) for multiple specimens are recorded for each case and the average values are
presented in Table 4.5.
The maximum load is as much as two times the initiation load, and this ration
increases _as more than three times like the case of β=45º_ as loading angle
decreases. In the case of Mode I, both Pmax and Pi decrease as a0/w ration increase.
Both Pmax and Pi for mixed mode are higher than those for the mode I.
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Figure 4.34: Load (N)-CMOD (mm) curve for β = 90º
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Figure 4.35: Load (N)-CMOD (mm) curve for β = 75º (a0/W = 0.45)
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Figure 4.36: Load (N)-CMOD (mm) curve for β = 60º (a0/W = 0.45)
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Figure 4.37: Load (N)-CMOD (mm) curve for β = 45º (a0/W = 0.5)
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4.3.3 Range of Stable Crack Growth (SCG)
The locations of the crack tip corresponding to the initiation and maximum
load were observed on the surface of the specimens. The distance between the two is
measured to obtain the range of the SCG as detailed in Table 4.6, which was
observed to be 0.5 mm up to 4.5 mm (at the crack surface) and 6 mm up to 11 mm
(at the mid thickness).
Table 4.6: Summary of ranges of the SCG measured
β (º)

a0/W

90

0.5

75

60

45

SCG
At surface (mm)
At mid thickness (mm)
0.5
6

0.45

1

6.5

0.4

2

8.5

0.45

2

7

2

7

Average

2

7

0.45

3

9

2

8

Average

2.5

8.5

0.5

4

11

5

11

4.5

11

Average

The amount of SCG increases as the a0/W ratio reduces. Because of the crack
tip blunting effect that preceded the stable crack growth initiation it was a bit
difficult to identify exactly the onset of crack initiation. This issue needs more
investigations in order to clearly identify the onset of stable crack extension and the
initiation load, Pi, on the L–CMOD diagrams.
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4.3.4 Crack Front Tunneling
The dye penetrant technique was used to measure the crack front tunneling
effect. A small quantity of a red dye penetrant was applied, near the crack tip on the
surface of the specimens after the maximum load was reached. The excess penetrant
was absorbed by a blotting paper. These specimens were broken open after the dye
penetrant dried. Figure 4.38 shows sample photographs of the fractured surfaces and
the extents of crack front for mode I. From the investigation of the fractured
specimen, it is clear that the crack growth process was somewhat different along the
specimen centerline. There is a considerable crack front curving. This is known as
tunneling. The extents of crack tunneling around the maximum loads are
approximately 6–11 mm during the whole range of the stable crack growth. The
fracture surfaces are generally flat and free of any shear lip. More photographs
showing the crack fronts at the maximum load are presented in Figure 4.39 through
Figure 4.41. Tunneling effect was observed in mixed mode more pronounced than
under mode I loading.
4.3.5 Examination of Fracture Surfaces
Typical fracture surfaces for both mode I and mixed mode are shown in
Figure 4.38 through Figure 4.41. The fracture surfaces are mostly flat and free of any
shear lip formation at the surfaces. All fracture surfaces exhibit a smooth and fine
granular appearance over the region of SCG. This zone is slightly coarser than the
surface formed after the maximum load. The fracture surface is also associated with
river patterns, tearing ridges, cleavages facets and dimples, revealing the typical
brittle cleavage fracture mechanic. Mixed mode fracture surfaces have, more or less,
the same appearance as for mode I.

103

(a) a0/w = 0.5
Figure 4.38: Sample photographs of fracture surfaces of Mode I
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(b) a0/w = 0.45
Figure 4.38: Sample photographs of fracture surfaces of Mode I (cont.)
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(c) a0/w = 0.4
Figure 4.38: Sample photographs of fracture surfaces of Mode I (cont.)
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Figure 4.39: Sample photographs of fracture surfaces (Mixed mode β = 75º)
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Figure 4.39: Sample photographs of fracture surfaces (Mixed mode β = 75º)
(cont.)
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Figure 4.40: Sample photographs of fracture surfaces (Mixed mode β = 60º)
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Figure 4.40: Sample photographs of fracture surfaces (Mixed mode β = 60º)
(cont.)
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Figure 4.41: Sample photographs of fracture surfaces (Mixed mode β = 45º)
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Figure 4.41: Sample photographs of fracture surfaces (Mixed mode β = 45º)
(cont.)
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By a visual inspection of fractured specimens, it is clear that the crack growth
near the mid-thickness region is much more than at the surface regions. There is a
considerable tunneling during the stable crack growth. The tunneling is more severe
in the case of mixed mode than under mode I. This is due to the fact that initiation
load, Pi, in mixed mode loading is larger than in mode I loading. Whenever crack
extension begins it starts with a greater intensity. Naturally, it leads to a greater popin and a larger tunneling at the center of the specimen. The tunneling increases with
the increase in crack extension. The extent of the tunneling increases as the loading
angles reduces from 90º. The magnitude of tunneling, as high as 11 mm, is observed
in the mixed mode around the maximum load. The constraint on the growth of plastic
zone is more important at the center of the specimen. The degree of constraint will
vary, however, depending on the thickness. It may also be noted here that, the
tunneling is linked to a non-uniform distribution of SIF along the crack front. It is
maximum at the center and minimum at the surface (Mourad and Maiti, 1996).
Therefore, crack growth will initiate early at the center. This should be of concern
from the point of view of safety of more critical components.
Scanning electron micrographs of the regions of stable and unstable crack
growths in mode I and mixed mode are smooth, flat in appearance and dominated by
the presence of cleavages facets and dimples; a characteristic of mode I and mixedmode stable crack growth (SCG), revealing the typical quasi-cleavage fracture
mechanic. This shows that the samples were failed in brittle manner with limited
plastic deformation. Figure 4.42 shows typical sample micrographs in mode I and
mixed mode (at unstable crack growth region). In the mixed mode too both regions
are similar microscopically as in the case of mode I.
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(a) Mode I

(b) Mixed mode
Figure 4.42: Scanning electron micrographs

dimples
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Chapter 5: Conclusions and Recommendations
Conclusions
The absorbed energy values usually provide sufficient fracture-initiation
resistance for most designs.
No variation noted on the alloy behavior when temperature is varied.
Although Ductile to Brittle Transitions have been found more prominently in
materials with BCC and HCP crystal structures, while FCC structures exhibit no
DBTT; remain ductile at all temperatures, the alloy under investigation i.e. ZK60A
(which is HCP crystal structures) exhibited no DBTT. The fracture was more brittle
in nature with 10% ~ 15% Shear Fracture Appearance on the Fracture Appearance
Charts and Percent Shear Fracture Comparator. ZK60A Magnesium alloy, with HCP
crystal structures, exhibits no DBTT.
The fracture toughness of ZK60A Magnesium alloy was investigated. The
value of KQ tends to become relatively constant at about 20.6 MPa√m when the
specimen thickness exceeds 8 mm. This value was then considered as the plane strain
fracture toughness KIC of ZK60A magnesium alloy.
The results of optical microscopy and SEM revealed that ZK60A magnesium
alloy shows mixed ductile and brittle failure modes.
The load-displacement diagram is strongly influenced by the initial crack
length. Both the initiation and maximum loads depend on the initial crack length and
the crack inclination with the loading direction. The initiation and maximum loads
increase as a0/W ratio decreases. The ratio of maximum to initiation loads varies in
the range of 2.05–2.37 for the whole range of loading angles tested for the same a0/W
ratio, i.e. 0.45.
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Both Pi and Pmax increased as the loading angle was reduced from 90º, except
for β = 45º (a0/W = 0.5), Pi decreased.
The highest ratio of maximum to initiation load is observed to be
approximately 3.86 for β = 45º (a0/W = 0.5).
There is a considerable blunting effect in both mode I and mixed mode before
the initiation of the SCG.
There is a considerable tunneling effect in both mode I and mixed mode. The
tunneling is generally more pronounced in the case of mixed mode. The extent of
tunneling increases with crack extension and it is as large as 11 mm.
The fracture surfaces show tension dominated dimpled fracture in both mode
I and mixed mode.
Crack mouth opening displacement (CMOD) can be used as a candidate
fracture criterion for stable crack growth studies in mode I and mixed mode (I and II)
loading.
Recommendations
Finite element analysis (FEA) is recommended to be conducted to predict the
experimental results such as the initiation load, Pi, the maximum load, Pmax, and the
range of stable crack growth.
Wrought magnesium alloys are susceptible to stress-corrosion cracking
(SCC) when statically loaded below their yield strengths in some environments.
Stress-corrosion cracking is caused by interactions of electrochemical, metallurgical,
and mechanical processes at the crack tip. The highest plane strain stress intensity
factor (SIF) at which subcritical crack growth does not occur in an aggressive
environment under static loads is designated K1scc and of great importance to be
determined.
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